To investigate denudation rates in the southern part of the Espinhaço Range (central-eastern Brazil) and to understand how this important resistant and residual relief has evolved in the past 1.38 My, cosmogenic 10 Be concentrations produced in situ were measured in alluvial sediments from the three main regional basins, whose substratum is composed primarily of quartzites. The long-term denudation rates (up to 1.38 My) estimated from these measurements were compared with those that affect the western (São Francisco River) and eastern (Doce and Jequitinhonha Rivers) basins, which face the West San Francisco craton and the Atlantic, respectively. Denudation rates were measured in 27 samples collected in catchments of different sizes (6-970 km 2 ) and were compared with geomorphic parameters. The mean denudation rates determined in the northern part are low and similar to those determined in the southern part, despite slightly different geomorphic parameter values (catchment relief and mean slope). For the southern catchments, the values are 4.91 ± 1.01 m My −1 and 3.65 ± 1.26 m My − 1 for the Doce and São Francisco River basins, respectively;
Introduction
Geomorphology studies landscape evolution through the understanding and quantification of the temporal evolution of the underlying processes. Denudation is among the most important of all the processes that affect the morphological evolution of relief (Summerfield, 1998) . The term "denudation" refers to all chemical weathering and physical erosion processes that contribute to the lowering of the land surface (Caine, 2004) . Until recently, the quantification of denudation over timescales of thousands of years has remained a difficult problem. This difficulty has been overcome with the use of cosmogenic nuclides produced in situ. Accumulating within minerals in the uppermost few meters of the Earth's surface as secondary particles produced by cosmic rays, in situ-produced cosmogenic nuclides can be quantified in terms of not only their exposure duration at or near the surface but also the rates of the processes bringing them to the surface and removing them from the surface (Brown et al., 1995; Riebe et al., 2000; Granger et al., 2001; Granger and Riebe, 2007) . Measurements of cosmogenic nuclide concentrations in rapidly mixed river sediments can be used to determine an average denudation at the scale of the studied river basin (Bierman and Steig, 1996; Granger et al., 1996; Shaller et al., 2001; Von Blanckenburg, 2006; Wittmann and von Blanckenburg, 2009) .
In this article, denudation rates given by 10 Be were utilized to evaluate the evolution of an impressive Brazilian water divide, the Espinhaço Range (ER -Von Eschwege, 1832a,b), whose name means "big backbone". The ER is a 1000-km-long north-south range. It extends across approximately one-fourth of the length of Brazil (Fig. 1) . The ER is composed primarily of quartzitic rocks of the Paleo-Mesoproterozoic Espinhaço Supergroup, which exist side-by-side with Neoproterozoic rocks of the São Francisco Supergroup: (i) carbonatic and pelitic rocks of the Bambuí Group and (ii) iron formations and diamictites of the Macaúbas Group (Dussin and Dussin, 1995; Uhlein et al., 1999) . The geological substratum is formed by a basement of ArcheanPaleoproterozoic gneisses. Geomorphologically, the ER is a resistant quartzitic wall flanked by less resistant rocks. It is a residual landscape that has evolved since the early Proterozoic. The ER has become an important natural water divide for the three largest rivers in SE-NE Brazil, namely, the São Francisco, Jequitinhonha and Doce, with a total area greater than 10 6 km 2 . The Southern Espinhaço Range (SER), located in Minas Gerais state (Fig. 2) , was chosen for this study. The concentrations of 10 Be in alluvial sediments were used to quantify the denudation rates on both sides of the SER.
Geomorphologic studies performed in the SER have emphasized the influence of lithology and structure on landscape-shaping processes and have attempted to identify planation surfaces (King, 1956; Saadi, 1995; Valadão, 1998) . Saadi (1995) , based on image interpretation, concluded that the denudation processes are more aggressive in the eastern river basins (Doce and Jequitinhonha) than in the inland river basin (São Francisco). However, these conclusions remain qualitative. The aim of the present article is to study the long-term denudation rates estimated by cosmogenic nuclides to compare the SER erosion rates of the western (São Francisco) and eastern (Doce and Jequitinhonha) basins to understand how this important resistant and residual relief has evolved in the past 1.38 My. The long-term quantification of cosmogenic isotopes, used to study denudation rates by analyzing fluvial sediments, is an important method for understanding landscape evolution (Brown et al., 1995; Matmon et al., 2003; Reuter et al., 2003; Von Blanckenburg, 2006) .
The Southern Espinhaço Range
Located in Minas Gerais State in the central-east region of Brazil, the SER is approximately 300 km long and extends between 17°40′ S to 19°4 0′ S and 44°W to 43°15′ W ( Fig. 2 ) (Almeida Abreu, 1995) . This range gives rise to three important river basins that represent the major drainage network of Minas Gerais State: the Jequitinhonha, Doce and São Francisco. The Jequitinhonha and Doce River basins lie in the eastern part, and they flow toward the Atlantic Ocean; the São Francisco River basin lies in the western part, and it flows inland.
The regional climate is controlled by the high relief of the SER (from 600 to 1400 m). The precipitation depends on the moisture supply from the Atlantic, with the eastern part characterized by a tropical humid climate and annual precipitation greater than 1500 mm (SEA, 1980) . The western part is characterized by a tropical semi-humid climate and annual precipitation between 1200 and 1500 mm. The mean annual temperatures for the entire area range from 19°C to 21°C (SEA, 1980) . The vegetation is composed of semideciduous forests (Cerrado), the Atlantic forest and high-altitude rocky grasslands (Campos rupestres and Campos de altitude) (Schaefer, 2008; Valente, 2009) . The Cerrado, composed of shrub and tree vegetation, dominates in the western and eastern parts. Dominating the highlands, the grassland vegetation of the Campos rupestres and Campos de altitude (Oliveira and Marques, 2002) constitutes~80% of the study area. The Atlantic forest is present only in the eastern part at low altitudes and can be characterized as rainforest fragments in which few isolated patches of natural forest are preserved.
These three selected areas also show distinct types of human impact. The Serra do Cipó is a national park that is almost entirely preserved (Schaefer, 2008) . Some areas of the Serra Talhada, with granitic bedrock, have agricultural and cattle-raising activities, and the alluvium of the Diamantina Plateau rivers was intensively mined for diamonds from 1714 until the mid-1980s (Chaves and Chambel, 2004) .
Geologically, the SER is the result of several tectonic events occurring since the late Paleoproterozoic (Almeida Abreu and Pflug, 1994) . The SER is a Paleo-Mesoproterozoic rift-sag basin (Alkmim and Martins-Neto, 2001 ) located at the western margin of the Araçuaí Orogen (Alkmim et al., 2006) , facing the eastern border of the São Francisco Craton (Almeida, 1977) . The SER was subjected to folding and thrust faults with W-vergence during the Braziliano orogenesis (Alkmim et al., 2006) . This event was initiated in the Late Precambrian structures and pushed the basement over the units of the Espinhaço Supergroup from E to W and the Espinhaço Supergroup onto the Bambuí Group (Fig. 3) . As a result of this geological evolution, three major rock types (Knauer, 2007) are encountered in the area: the carbonates of the Bambuí Group; quartzite and quartzite associated with quartz-schists from the Espinhaço Supergroup, the most widely exposed rock in the area; and granite-gneiss from the Complex Basal. The western escarpment of the SER is characterized by a thrust fault front, and the eastern escarpment is structured by a system of thrust faults (Oliveira and Alkimim, 1994) . The basement at the southeastern part of the SER shows lower altitudes as a consequence of a Quaternary distensive tectonic, expressed by a graben lake system at the Doce River's middle valley (Suguio and Kholer, 1992; Mello et al., 1999) . Three regional designations are used to identify the parts of the SER: the Serra do Cipó in the southern part, with a width of 30 km; the Serra Talhada (see the geologic section in Fig. 3 ) in the central part, with a width of~25 km; and the Diamantina plateau in the northern part, with an average altitude of 1300 m and a width of 70 to 90 km. The Pico do Itambé summit, with an altitude of 2062 m, is located near the city of Diamantina.
Sampling and methods
Before the final selection of an area for river sediment sampling, several investigations were performed. First, 1:50,000 scale topographic maps (Projeto Geominas, 1996) combined with 1:100,000 scale geological maps (Grossi-Sad et al., 1997) were analyzed using ArcGIS 9.2 software, and a 90-m-resolution digital elevation model (DEM) for the study area was extracted from Shuttle Radar Topographic Mission (SRTM) data. Some ArcGIS procedures and the DEM were used to derive the geomorphic parameters for each identified catchment: the maximum elevation (m), average elevation (m), catchment relief elevation (difference between the highest point and the potential sampling point), mean slope gradient (deg), and catchment area (km 2 ). Then, catchments that are representative of the eastern and western sides of the SER (Fig. 4 ) and that showed promise as sampling areas were selected based on these geomorphic investigations and field observations. The selection criteria were the following: (i) the eastern and western catchments should have a similar area, (ii) the substratum must be predominantly quartzites, and (iii) the collected samples for each pair of catchments must be equidistant from the divide. Based on these criteria, twelve pairs of catchments were selected on the eastern (the Doce and Jequitinhonha River basins) and western (the São Francisco River basin) sides. In addition, three catchments with a large area were chosen to assess the potential effect of the catchment area on the estimated denudation rate. In the southern part, the eastern samples from the Doce River basin (D01 to D07) (Serra do Cipó and Serra Talhada) face the western samples from the São Francisco River basin (SF01 to SF08). In the northern part, the eastern samples from the Jequitinhonha River basin (J01 to J05) face the western samples from the São Francisco River basin (SF10, SF11, SF12, SF13 and SF15). In the middle part (Serra Talhada), the eastern sample from the Doce River basin (D08) faces the western sample from the São Francisco River basin (SF9) (Fig. 4) .
Most of the selected catchments have surface areas ranging from 6 to 140 km 2 (Table 1 ). The three large catchments (Table 1) and Jequitinhonha (J03, 911.7 km 2 ) rivers. The sample elevations varied from~580 to 1300 m. The maximum elevation for the catchments was 2021 m (J03), and the minimum elevation was 592 m (D05).
Active sediments transported through catchments predominantly drain the Southern Espinhaço highlands quartzite lithology; however, other lithologies, such as schist, phyllite, granite-gneiss and carbonate, can be associated to some extent. According to geological maps from the Espinhaço Project mapping (1:100,000, Grossi-Sad et al., 1997), the principal lithological types were grouped into five classes (Table 2) : (i) predominance of quartzites, (ii) predominance of quartzites associated with schist and phyllite, (iii) granite-gneiss, (iv) intrusive igneous rocks, and (v) carbonate rocks. Thus, we calculated the participation (km 2 %) of each lithostratigraphic unit (Table 2 ) compared with the total area of the catchment. For these results, we used the average density of the rock (g cm ) for each catchment according to the types of rock (Telford et al., 1990 ) that occur in their catchment area (Fig. 5) .
Laboratory analysis
Chemical treatment of the samples and AMS measurements were performed at the LN2C French national laboratory, hosted by CEREGE (Aix-en-Provence). The samples were prepared for cosmogenic nuclide concentration measurements following chemical procedures adapted from Brown et al. (1991) and Merchel and Herpers (1999) . Decontaminated quartz minerals were completely dissolved in hydrofluoric acid after the addition of~100 μl of an in-house 3 ×10
−3 g g −1 ( 9 Be) carrier solution prepared from a deep-mined phenakite mineral (Merchel et al., 2008) . Beryllium was subsequently separated from the solution by successive anionic and cationic resin extraction (DOWEX 1X8, then 50WX8) and precipitation. The final precipitate was dried and heated at 800°C to obtain BeO and was finally mixed with niobium for target packing. The samples were analyzed by accelerator mass spectrometry (AMS) at the French Schists and phyllites d = 2.69 g cm
Intrusive rocks d= 2.99 g cm
Granite-gneiss d = 2.72 g cm ) and atmospheric pressures. The polynomial function proposed by Stone (2000) was used to determine the surface production rate, assuming a sea level high latitude (SLHL) production rate of 4.49 at g −1 yr −1 for 10 Be (half-life 1.387 × 10 6 My) (Chmeleff et al., 2010; Korschinek et al., 2010) .
Surface cosmogenic nuclide production rates can be affected by potential shielding. If topographic obstructions block the incident cosmic radiation-producing cosmogenic nuclides before they reach a sample location, a decrease in the cosmic-ray flux corresponds to a production rate in this sample lower than that calculated from the spatially scaled SLHL production rate, which only considers unshielded exposure. Thus, for each sample, it is necessary to determine the percentage of cosmic-ray flux effectively producing cosmogenic nuclides relative to the cosmic-ray flux corresponding to an unobstructed view of the sky in all directions. These calculations were numerically performed using the approach of Dunne et al. (1999) , and the DEM of the studied area was applied. Because the studied catchments are generally open and have low mean slopes (Table 2), the shielding factors (equivalent to the fraction of open sky) associated with the discussed samples are close to 1, and the decrease of their production rates induced by the surrounding topography is negligible.
The denudation rates were determined from the measured in-situ-produced cosmogenic 10 Be concentrations using the following equation:
where C (x, ε, t) is the 10 Be concentration as a function of depth x
); ε is the erosion rate (g cm −2 yr −1 ); t is the exposure time (yr); P spall is the production from neutron-induced spallation reaction; P μ_slow and P μ_fast are the relative production rates arising from slow and fast muons, assuming relative contributions to the total surface production rate of 1.2 ± 0.6% and 0.65 ± 0.25%, respectively, for ) for neutrons and slow and fast muons, respectively. All calculations were performed using attenuation lengths of 160, 1500, and 4320 g cm −2 .
Results

Serra do Cipó and Serra Talhada
The results from the Serra do Cipó and Serra Talhada were collected from 17 catchments ( Fig. 4; Table 3 ). The denudation rates of the facing catchments (western and eastern) are presented in Fig. 6 . The result for the Doce River basin shows denudation rates slightly higher than those of the São Francisco River basin.
If the catchment areas are plotted against the denudation rates (Fig. 7A ), the denudation rates are similar for the small and large catchments. The 10 Be concentrations measured in the largest catchment area (239.8 km 2 ) from the Cipó catchment (SF06) yield an average denudation rate of 5.44 ± 0.17 m My . There seems to be no correlation between drainage area and the denudation rates, despite the geomorphic differences 4.43 ± 0.14 between these catchments in terms of their maximum elevation, catchment relief or slope gradients (Table 1) . The same conclusion applies if the denudation rates are plotted against these parameters (Fig. 7B,D,E) . The average elevation parameter for the catchments in the Doce basin (~900 to 1200 m) was lower than that of the São Francisco basin (~1150 to 1400 m), as shown in Fig. 7C . However, even the catchments of the Doce River basin showing a lower average elevation have denudation rates that are slightly higher than those of the São Francisco River basin. The denudation rates for catchments containing various lithologies (Table 2) , such as schists and phyllites (SF04, SFO5, SF06, and SF07), carbonates (SF06) or igneous rocks (D08) hosted by quartzites, are similar to those of catchments dominated by quartzites. This result suggests that the less frequent occurrence of other lithologies (less than 15% of the catchment area) does not significantly alter the denudation rates. The results found in the Serra Talhada for samples SF09 (4.39 ± 0.135 m My −1 ) and D08 (5.08 ± 0.162 m My −1 ) correspond to catchments underlain by two lithologies: quartzites of the Espinhaço Supergroup (SF09: 54% and D08: 33%) and granite-gneiss of the Gouveia Complex (D08: 69% and SF09: 36%). Despite the high percentages of granite-gneiss, the influence of these lithologies was not detected, and the results are similar in comparison with all the data.
Diamantina Plateau
The results for the sediment samples from the Diamantina Plateau drainage systems were collected from 10 catchments ( Fig. 4 ; Table 4 ). The denudation rates of the facing catchments on the western and eastern sides of the SER are presented in Fig. 8 . The rates for the Jequitinhonha River basin range from 3.1±0.09 to 5.6±0.16 m My −1 (Table 4) . The denudation rates show almost no correlation with the geomorphic parameters (Fig. 9) , although four catchments with higher average elevations (1300 to 1400 m) have slightly lower rates. However, these results agree closely with those for the other catchments from the Diamantina Plateau.
Discussion
The denudation rates determined in the northern part of the study area are similar to those determined in the southern part. The mean rates are low, ranging from 3.65 to 6.14 m My −1 (Fig. 10) . Although the Diamantina Plateau catchments have slightly different geomorphic parameters from those of the Serra do Cipó (e.g., the catchment relief and mean slope gradient), the denudation rates are similar for both parts, even in the human-influenced areas of the Diamantina plateau, which were intensively disturbed by alluvium diamond panning in the past. The mean denudation rate of the 24 small catchments studied (4.13± 1.19 m My . The examination of these low values reveals the importance of the control exerted by the lithology in a catchment substratum dominated by quartzites.
The slightly higher denudation rates for the Doce River basin can be explained as a consequence of Quaternary base-level changes at the middle Doce River due to distensive tectonic-generating graben structures with dozens of associated lakes (Mello et al., 1999; Riccomini and Assumpção, 1999) . The most widely exposed rock in this area is the granite-gneiss of the Complex Basal (Fig. 3) , which is less resistant to erosion processes than the quartzites of the Supergroup Espinhaço. The association of both factors, lithological (gneiss) contact and recent tectonic changes, explains the slightly higher denudation rates found for the Doce River catchments. The DEM (Fig. 4) shows the contrast between the dissected granite-gneiss areas (green) and the high-altitude resistant quartzitic areas (orange).
The results for the Serra Talhada catchments (SF09 and D08) attest to the resistance of the quartzites despite the occurrence of the granite-gneiss substratum. Even with the presence of less resistant rocks, the denudation rates are closer to the other results for the SER. The long-term denudation rates found in the Minas Gerais (Brazil) granite-gneiss substratum are the following: 14.9±2.28 m My −1 (Salgado et al., 2008) (Cherem et al., 2012) . Studies in the Appalachian Mountains measuring the granite substratum from the Blue Ridge Province showed denudation rates of 7.9 to 21.8 m My − 1 (Duxbury, 2009) , and the gneiss substratum from the Great Smoky Mountains showed values of 27 m My − 1 (Matmon et al., 2003) . The low values of the long-term denudation rates confirm that the Serra Talhada granite-gneiss occurrence, protected by resistant quartzite, hardly affects the denudation rates.
Most of the denudation rates obtained are lower than 5 m My The denudation rates obtained in this study suggest no direct correlation if plotted against geomorphic parameters such as catchment area, maximum elevation, catchment relief, average relief and mean slope. These results are supported by recent studies using cosmogenic nuclides. In the Rio Puerco basin (New Mexico), Bierman et al. (2005) found a weak relationship between denudation rates and relief in sandstone, shale, granitic and volcanic substrata. In the Great Smoky Mountains (North Carolina and Tennessee), Matmon et al. (2003) found no relationship between denudation rates and drainage area or maximum and average elevation in sandstone and slate substrata. 
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Summary
In situ-produced cosmogenic ), irrespective of the geomorphic differences between the studied areas. The similarity of the results emphasizes the importance of resistant quartzitic lithologies as the primary controlling variable for denudation rates. The low denudation rates also show how slowly the regional landscape, which is characterized by substantial resistant and residual relief, has evolved in the past 1.38 My.
